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A thermal actuator Is taught for a micro-electromechanical device. The thermal actuator includes a^base element, a cantilevered 
element (14) extending from the base element and normally residing in a first position. The cantilevered element includes a first 
layer (34) constaicted of a dielectric material havirig a low thermal coefficient of expansion and a second layer (36) attached to 
the first layer, the second layer comprising intermetallic titanium aluminide. A pair of electrodes (30,32) are connected to the 
second layer to allow an electrical current to be passed through the second layer to thereby cause the temperature of the second 
layer to rise, the cantilevered element deflecting to a second position as a result of the temperature rise of the second layer and 
returning to the first position when the etectaical current through the second layer is ceased and the temperature thereof 
decreases. The therm al actuator has particular application In an Inkjet device wherein a series of such Inkjet devices forni an 
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(54) Thermal aictuator 

(57) A themnal actuator is taught for a mlcro-electro- 
mechanlcal device. The thenmat. actuator includes a 
base element, a cantilevered element (14) extending 
from the base element and npnnaHy residing in a first 
position. The cantilevered element Includes a first layer 
(34) constructed of a dielectric material having a low 
thermal coefficient of expansion and a second layer (36) 
attached to ttie first layer, the second layer comprising 
intermetallic titanium, aluminide. A. pair of electrodes. 



(30,32) are connected to the second layer to allow an 
electrical current to be passed through the second layer 
to thereby cause thie temperature of the second layer to 
rise, thecantlleyer^ elemeht deflecting to a second po- 
sition as a result of the tenriperature rise of the second 
layer and returning to the first position when the electri- 
cal current through the second layer Is ceased and the 
temperature thereof decreases. The thennal actuator 
has partlcnjiar application i wherein a 

^erles.pf such Iri^e^ fonn an Inkjet printhead; 
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Description 

[0001] The present invention relates generally to micro-electronriechanica! devices and, more particularly, to nnicro- 
electromechanical thennal actuators such as the type used in ink jet print heads. 
5 [0002] Micro-electro mechanical systems (MEMS) are a relatively recent development. Such M EMS are being used 
as alternatives to conventional electromechanical devices such as actuators, valves, and positioners. Micro-electro 
mechanical devices are potentially low cost, due to the use of microelectronic fabrication techniques. Novel applications 
are also being discovered due to the small size scale of MEMS.devlces. 

[0003] Many potential applications of MEMS technology utilize thermal actuation to provide the motion needed in 
10 such devices! For example many actuators, valyes, and positioners use thermal actuators for movement, in the design 
of themiai actuators it is desirable to maximize the degree of movement while also maximizing the degree of force 
supplied by the actuator upon activation. At the same time it is also desirable to minimize the power consumed by the 
actuator motion. 

[0004] it Is also advantageous that the cantilever type thennal actuator exhibits no change in intrinsic stress and 
15 repeatable actuator motion upon repeated thennal ac?tuatipn of the actuator between ao^'C and 3qo*'C temperatures. 
It is' also desirable that the resulting MEMS devices are capable of being produced in batch fashion using materials 
that are compatible with standard CMOS integrated circuit fabrication. This allows advantageous MEMS dw 
are reliable, repeatable, and low In cost. Compatibility with CMOS processing also allows the integration of control 
circuitry with the actuator on the same device, further iniproving cost^a^ 
20 [0005] It is therefore an object of the present invention to provide a thennal actuator for a micrbmechanical device 
having an actuator beam with an improved degree of movement 

[0006] It is a further obiect of the present invention to prpyide a thermal actuator for a micromechanicardevjce having 
an actuator beam that delivers an increased degree of foiw upon activation. 
[0007] Yet another object of the present inventjori is to provide a cantileve^^^ 

25 substantially no relaxation upon repeated thermal actuation of the actuator between 20*0 and 30C)*?C temperatures. 
[0008] Briefly stated, the foregoing and numerous other features, objects and advantages of the present invention 
will become readily apparent upon a review of the detailed description, claims and drawings set forth herein. These 
features, objects and advantages are accomplished by fabricating a thermal actuator for a micro-electromechanicai 
device comprising a base element and a cantilevered element extending from the base element, the cantilevered 

30 element normally residing in a first hbn-actuated position. The cantilevered element includes a first layer coristructed 
of a dielectric material having a low thermal coefficient of expansion and a second layer of intermetallic titanium alu- 
minide (Ti/AI) attached to the first layer. A pair of electrodes are connected to the second layer to allovy an electrical 
current to be passed through the second layer to thereby c^^^^ 

generated as a result of the resistivity of the inte^^^ aluminide bauses the cantilieyerecl e^^ 

35 to ah actuated second position. The cantilevered elfflnent returns to the f irstpositipn when the electrical current tlirough 
the second layer is ceased and the temperature of the second layer decreases. The: intermetallic titanlurn aluminide 
thin film comprislngj the second layer has a high coefficient of thermal expansion and is electrically conductlye. Further, 
the ihtemietallic titanium.alumlnide tliin fjlm has suitable resistivity for use as,a heater. Withjseleeted deppsit^^^^ con- 
ditions and post deposition annealihgi, a film With properly a>djusted str^iss and thermal :^at)iiity^^^^ 
40 [0009] The present invention Is particularly u6efgl as a thentiat aieluator lnicjet printer device, in this preferred em- 
bodiment, the cantilevered element of the thermal actuator resides In an Ink reservoir or chamber that Inpiu5l 
or nozzle through which inkcan be ejected. Through actuation of the tiiemrial actuator, the cantlleviered element deflects 
into the chamber forcing ink through the nozzliB. 

[0010] • As stated above, the cantilevered element Includes a first layer constructed of a dielectric material having a 
45 low thermal coefficient of expansion. The term "low thennal coeffteient of expansion" as used herein is intended to 
mean a thermal coeff icient of expansion that Is less than or ecjual to 1 ppm/ **G. 

[0011] Rgure 1 is a plan view of a. portion . pf a plurality of tiie thermal 

actuator Inkjet devices of the present Iriyentibn forh^ 

[001 2] Figure 2 is a side elevatiohal view of a portion of the cantilevered beam of the thennal actuator Inkjet devfce 
50 of the present invention. 

[0013] Figures isaperspectiveview early in the fabrication of the themiai actuator Inkjet devic layer 
typically consisting of silicon dioxide Is first deposited on the substrate and the Intentietalllc titanium aluminide film Is 
next deposited and patterned Into the bottom layer. 

[0014] Figure 4 Is a perspective view of the thennal actuator Inkjet device at a stage in the fabrication thereof later 
55 than that depicted In Figure 3 wherein a dielectric layer has been patterned to fomi the top layer and the resulting 
pattem is then etched down through the thin layer of Figure 3 down to the substrate. 

[0015] Figure 5 is a perspective view of the thermal actuator Inkjet devk5e at a stage in the fabrication thereof later 
than that depicted in Figure 4 wherein a sacrificial layer has been deposited, pattemed and fully cured on the structure 
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depicted in Figure 4. 

[0016] Figure 6 is a perspective view of the themnai actuator inkjet device at a stage in the fabrication thereof later 
than that depicted in Figure 5 wherein a top wall layer is next deposited on top of dielectric layer and the sacrificial 
layer depicted in Figure 5. • . , 

[0017] Figure 7 Is a sectioned perspective view of the themnai actuator Inkjet device of the present invention. 
[0018] Figure 8 Is a graph plotting film stress as a function of substrate bias (before and after annealing at 300"C) 
for titanium alumlnide film. , ^ .«* ♦ .„ 

[0019] Figure 9 Is a graph plotting stress as a function of temperature for a deposited and annealed intermetaiiic 
titanlunh aluminide film measured on a six Inch silicon wafer. 

[0020] Figure 1 0 is a graph plotting stress as a function of temperature for a sputtered aluminum film measured on 
a six inch silicon water 

[0021] Figure 11 Is a graph plotting stress as a function of temperature showing a comparison of stress veraus 
temperature curves for Intermetaiiic titanium aluminide with 7% oxygen Incorporated, and for intermetaiiic titanium 
aluminide with no oxygen incorporated, deposited on a silicon wafer. 

[0022] Turning first to Figure 1 , there Is shown a plan view of a portion of a themnalactuator Inkjet pnnthead 10. An 
array of thermal actuator Inkjet devtees 12 Is manufactured monolithlcally on a substrate 13. Each thenmal actuator 
Inkjet device 1 2 consists of a cantllevered element or beam 14 residing In an Ink chamber 1 6. There is a nozzle or port 
18 through which ink may be ejected from chamber 16. Nozzle or port 18 resides In pumping section 20 of chamber 
16 The cantilevered element or beam 14 extends across chamber 16 such that the free end 22 thereof resides in 
pumping section 20. Cantilevered element or beam 14 tits closely within the walls of pumping section 20 without en- 
gaging such walls. By placing the cantilevered element or beam 1 4 in close proximity to nozzle 1 8 and tightly confining 
the cantilevered beam 14 In pumping section 20, the efficiency of the ink drop ejection is improved. Open regions 26 
of chamber 1 6 adjacent cantilevered beam 1 4 allowf or quick refill after drop ejection ttirough nozzle 1 8. Ink is supplied 
to thermal actuator lnl#t device 12 by an Ink feed channel 28 (see Figure 7) etched through the substrate tS beneath 
the ink chamber 1 6. There are two addressing electrodes 30, 32 extending from cantilevered b&am 14. _ 
[0023] Turning next to Figure 2. cantilevered beam 1 4 is shown in cross^sectioh; Cantilevered beam 1 4 inclu<^es a 
first or top layer 34 made of a material having a low coefficient of thermal expansion such as silicon dioxide, silicon 
nitride or acomblnationof the two. Gantileveredbeam 14 also ihcludeaasecohd or bottom layer 36 wh^^ is electnc^iy 
conductive and; has a high efftelency as will be described hereinafter: PrBfe.raJ>iy. second layer 36 Is comprised; of 
ihterniet^iilk; titahlurhaiumirii^^^ . . s ♦r-- 

100241 Figures 3 through 6 illustrate the processing steps for onethenrial actuator ink^ device 12. Looking at Figure^ 
3 the two addressirig electrodes 30. 32 are connected to second layer36: Whdn a voltage is applied across jhe two 
electrodes 30, 32 current runs through the intermetaiiic titaniunn aluminide layer 36 heating it up an/^^<^«"^"'9^^® 
tHevered beam.1 4 to bend or deflect into pumping s^ 

^1 ^ To optimize the ejection of a drop of ink in a themnai actuator inkjet device 12, it is important to optimize the 
forceand deflection of the cantilevered beam 14. The following relation glvesadimensionless parameterthat describes 
the efficiency e of the material of the second layer 36 of the cantilevered beam 1 4: 
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Where a is the themial coefficient of expansion, V is tiie Young's modulus, p Is the density, and Cp is the speci^c hea 
of the material. The numerator contains material properties proportional to the force and displacement of a^thermal 
actuator. The denominator contains material properties that contribute to how efficiently the second layer 36 can be 

[00261 * Table 1 shows e for various materials that have been used for thennal actuators In the prjor art In c^riipanson 
with the intermetaiiic titanium aluminide thin film material of the present iriventiori. Material P'''^^'^'^^^^^^^^^ 
the literature except for the intermetaiiic titanium aluminide thin film of the present invention for which the material 
values were disrived from experiment. 



Table 1: 



Efficiency of materials for thermal actuator 




Material 


a(x10-«)C-i 


Y{x10»)Pa 


p(x103)Kg/ m3 


Cp(J/Kg C) 


e 


Al 


23,1 


69 


2.7 


900 


.66 
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Table 1 : (continued) 
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Eff iciency of materials for thermal actuator 


Material 


a(x10-«)C-l 


Y(x109)Pa 


p(x103)Kg^m3 


Cp(J/Kg C) 


8 


Au 


14.3 


80 


19.3 


1260 


.047 


Cu 


16.5 


128 


8.92 


380 


.62 


Ni 


13.4 


200 


8.91 


460 


.65 


Si 


2.6 


180 


2.33 


712 


.28 


T1AI3 


15.5 


188 


3.32 


780 


1.13 



[002^ The titanium aluminide film is 70% more efficient than the n^xt best fi 

of the intermetajHc titanium aluminide film wais olatained from.a fit to the r^onant frequency of tl/AI-silicon oxide can-; 
tilevers. The coefficient of thennal expansion of the intermetellic titanium aluminide film was obtained by heating the 
intermetallic titanium aluminide-silicon oxide cahtileyere 

[0028] The material used for the second or bottom layer 36 in the practice of the present invention ha^ an efriqiency : 
(e) that is greater than 1 . Preferably, such rnateri^^ 

[0029] For the case of a thermal actuator devibe 12 with a cantileveri^ bearn 14; a two-I^^ 

discussed above with a first layer 34 and a second layer 3$. The.secorid lay^^r 36 is preferably intennetal lie titanium 
aluminide and the material of the first liayer 34 has a substantially lower cpefficieht of thermal expansion. Typically, the 
material of the first layer 34 is chosen f rorn ^licpn dioxide or silicon nitricje. It shotild be clear to those skilled in tiie ^rt 
that the displacement and force for a cantileveredbeam 14 can ateobeoptjirilzedfayvaiyingthethickhess^a 
ratios of the two materials chosen for layers 34, 36, In particular, it is known that in equilibrium, for maximurn deflection 
and force, . the following relation determines the rat^ 
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where ht, hg are the thickness of the two layers 34, 36 and Y^, Y2 are the Young's modulus of the materials of thie two 
layers 34, 36. 

[0030] As shown in Figure 3, a thin layer 40 typically consisting of silicon dioxide is first deposited on the substrate 
1 3 to act as a bottom protective layer for the thennal actuator InkJet device 1 2 from the ink and electrically insulate the 
themial actuator inkjet device 12 from the substrate 13. The intemnetalllc titanium aluminide film is next deposited and 
pattemed Into the bottom layer 36 and addressing electrodes 30. 32 that extend off to connect to the control circuitry 
on the device. 

[0031] Silicon oxide or a combination of silicon oxide and sllteon nitride are deposited on thin layer 40 and bottom 
layer 36 to form dielectric layer 41 (see Figure 4). Dielectric layer 41 Is pattemed to fomi the top layer 34 as shovwi in 
Figure 4. The resulting pattern is then etched down through the thin layer 40 down to the substrate 13. The patteming 
of this layer 34 is extended beyond the pattern of the bottom layer 36 in order to leave a protective layer of oxide/nitride 
on the sides of the bottom layer 36. This patteming and etching also defines the open regions 26 on each side of the 
caritilevered beam 14 for ink refill, and defines a first layer of the pumping section 20 around the free end 22 of the 
cantilevered;be€UTi 14 for effM 

[0O32] Ihlfigure 5, a polyimide sewsHfteial iayer^ The polyiririicj|^:^acriftcial 

layer 42 is defined to extend beyond the cahtllevered beam 14 and fills the bpeh regions 26 and puitiptag .^s^itiprt 0 
The cured definition of the polyimlde sacrifipial layer 42 provides the ink chamber 16 definition. The polyimlde also 
planarizes the surface.providing a flat top surface 43. The sloped sidewails 45 of the polyimlde aid In the formation of : 
the ink chamber walls. - 

[0033] A top wall layer 46 Is next deposited on top of dielectric layer 41 as shown in Figure 6. Typically this top wall 
layer 46 is composed of plasma deposited oxide and nitride which confonriaily deposits over the polyimlde sacrlftelal 
layer 42. The sloped sidewails 45 of the polyimlde sacriftelal layer 42 are Important to prevent cracking of chamber 
wall layer 44 (which is part of top wall layer 46) at the top edge. The nozzle hole 1 8 is etched through the chamber 
wall layer 44. 

[0034] The substrate 13 is then patterned on the backside, aligned to the front side, and etched ttirough to fomi the 
ink feed line 28. The polyimlde sacrificial layer 42 filling the ink chamber 16 is then removed by dry etch using oxygen 
and fluorine sources. This step also releases and thereby fomns the cantilevered beam 14. Note that chip dicing can 
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be done before this step to prevent debris from getting into the inl« chamber 16. 

[0035] A cross section of the final structure is shown in. Figure 7. The cross section of the cantllevered beam 14 
shows the lower protective layer 40, the intennetailic titanium aiumlnide bottorh actuator layer 36, and the top actuator 
layer 34. The cantilevered beam 1 4 resides in the ink chamber 16 and is tightly confined about the perimeter of the 
free end 22 in the vicinity of the nozzle hole 18 and has open fill regions 26 on each side tor the rest of Its length, 
ipoaq In ordwto keep tfie beam 14 straight as shown in Figure 7, it is important to be able to control the stress of 
the mrtertal of the^aritlievered beam 14. Stress differences betweein the layers 34. 36 of the cantilevered beam 14 
will cause bending of the csmtilevered beam 1 4; tt Is important therefore to be able to control the stress of each layer 
34 36. Preferably, the top actuator layer 34 Is fonmed nrainly of silicon oxide, which can be deposited with close to 
zero stress, with a second material such as silk»h nitride on top of it which can t» deposited wl* a tensile stress to 
counterany tensile stress of the second layer 36. To maximize the bearh efficiency, however, it is important to minimize 
the amount of snbon nitride needed. Therefore, It is important to minimize the tensile stress of the Intemietanic titanium 

aiumlnide film. ^ , ■ 

[00371 Deposition of the intermetaliic titanium altiminide film was canled out using either RF or pulsed DC magnetron 
sputtering in argon gas. The TIAIg sputter target was certified to 99.95% purity and greaterthan 99.8% dense, Optimum 
film properties were obtained by varying the deposltioh parameters of pressure and substrate Was. For the case of 
pulsed DC magnetron sputtering the pulsing duty cycle was also varied. After deposition the film was annealed at 
SOCC-SSO-C for longer than one hour In a nitrogen atmosphere for a period long enough so that no further Change In 
intrihste stress was observed tor the film. The annealed film shows a predominantly disordered face centered cubic 
(fee) structure as detemlned by x-ray diffraction. The composition of the intermetaliic titanium aiumlnide has a titanium 
to aluminum mole fraction in the range of 65-85% aluminum as detemnlhedby Ruttierford Backscattering Spectrometry 
(RBS) dependent upon the selected sputtering conditions. This produces afilm of superior properties than any presently 
taught for that of therrrol actuation as described herein. This Intermetallte material includes titanium and aluminum in 
a combination that can be characterized by the following relationship: 

Al4,xTix, 



rO0381 When this predominantly fee film Is heated above 450'C the crystal stmcture changes from the disordered 
fee to a predominantly tetragonal TigAln structure. This change In structure is accbmpanied by a large increase in 
crystallite size and reduced tensile strength that can result in film cracks. 

[00391 Rgure 8 displays the experimental result of measured stress after depesiadn and the resulting str^s^er 
anneal! By controlling the deposition parameters the final stress of the film can be reduced to zero. Note ttiat this 
displayed data was for deposition conditions of SmTpressure. We find also that as the deposition pressureis lowered 
bel6w 6mT an lw^ase of the compressive stress is observed in the deposited film similar to increasing the bias. In 
addition, fbr DC magnetron sputtering, we find that yarylngthe pulse duty cycle can also be used to adjust the stress_ 
Therefore th^ final stress can be tailored through a proper selection of both substrate bias, deposition pressure and 

nwS^S£iiTii56rt4nt that the ma 

or str^ relaxation. Figure 9 displays stress versus temperature data from a deposited and annealed Intermetaliic 
. titanium aiumlnide film measured on a six Inch silicon wafer. The curve shows "° hysteresis^The same measurom^^ 
on apure aluminum film, shown In Figure 1 0. shows large hysteresis and a nonlinear curve. On fabricated cantllevered 
bearris 14 (IhGludIng the Intermetaliic titanium aiumlnide film as described hereln) tens of millions of test actu 

been performed with ho measured change In cantilever profile or actuation efficiency. _ ^ 

rod411 It has also been found that addition of oxygen or nitrogen to the sjjutter gas to fomi TiAi(N) or TiAl(O) com- 
pounds is disadvantageous to the present Invention. For example Figure 11 compares the stress versus temperature 
curves for Intennetailic titanium aiumlnide with 7% oxygen incorporated, and no oxygen incorporated, deposited on a 
silicon wafer. Measuring the wafer curvature, the stress of the film is derived using Stone/s equation as is well known 
In the art The slope of the curve is proporttonal to the Young's modulus of the material and the thermal coefficient of 
expansion. A lower stope therefore indicates a less, efficient actuator material. The addition of oxygen degrades the 

efftolency of the actuator material. 

[00421 The Intermetaliic titanium aiumlnide material used for layer 36 demonstrates significant advantages ove ma- 
terials used in prior art theimal actuator devtees. Such material has a high thermal coeffteient of expansion which is 
proportional to the amount of deflection that the cantllevered beam 14 can achieve for a given temperature rise, t te 
also proportional to the amount of force the cantilevered beam 14 can apply for a given temperature rise. In addition, 
thelntemietaliic titanium aiumlnide material has a high Young's modulus. A higher Young's 

force can be applied with a thinner cantilevered beam 14 thus increasing the deflection capability of the cantilevered 
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beam 1 4. Intermetallic titanium aluminide also has a low density and a low specific heat. Lower energy input is required 
to heat the material to a given temperature. These properties allow for fabrication of small scale thermal actuator 
cantilevered beams 1 4 that can achieve fast response time consistent with use as an In l< drop ejector for printing. By 
way of example, cantilevered beams 14 of the present invention having dimensions of 20jun wide x 1 0Ojim long and 

s with a thickness of 2.Bjim have been successfully produced and tested in an ink jet printing operation. 

[0043] The intemietaliic titanium aluminide material used for layer 36 shows no plastte relaxation or hysteresis upon 
repeated heating to 300**C. The cantilevered beam 14 can be cycled millions of times without any change of properties. 
[0044] Those skilled in the art should recognize that thermal actuators using the intemietaliic titanium^ aluminide 
material for layer 36 material can be incorporated onto CIVIOS wafers allowing integrated control circuitry, Furdieri the 

10 titanium aluminide material can be dejpo^ned with the sta^ wafer fabrication. 

In addition, the titanium aluminide niaiterial can be etched arid patterned with thia standard chlorineiasdd etcih systems 
used in CIVIOS wafer fabrication. The temperatures at which the titanium alqminide material is deposited are. below 
350*»C.This allows easy Integration of the themnai actuatordevice of the present Invention into the back end Cff a CMOS 
fabrication process. 

15 [0045] Intemietaliic titanium aluminide has a resistivity of 1 60jiohm-cm which is a reasonable resistivity for a heater. 
By comparison, pure metals haye a much lower resistivity. The intermetallic titanium aluminide mat^eriai can therefore 
be used as both the heater and bending eiement in the theimal actuator. 

[0046] Intemietallte titanlum aluminide has a very lowTeR(thennai coefftelent of resistance) of <10ppm=whteh means 
as the actuator heats up its resistance stays the same. Practically, this means that for an applied voltage pulse to heat 

^ the material the cun-ent stays the same, thereby allowing a completely linear response. 

[0047] The themial actuator of the present invention can also be applied to other microelectro mechanical systems 
(MEMS). For example, a thermally actuated microvalve could be constructed to control the flow of fluids. The motion 
provided by the thermal actuator of the present invention could be used for micropostioning or switching appiicatlons. 
Other forms of themial actuators could also be constructed in accordance with the principles of the preferred embod- 

25 Iment. A buckling actuator could be constructed out of intennetailic titanium aluminide. 



Claims 

30 i. A thermal actuator for a micros 

(a) a basie element; 

(b) a cantilevered element extending from the base elenient and residing in a first position,, the cantilevered 
element InGluding ia first layer constructed of a dielectric friaterietl having a low thermal coefficient of expansiori 

35 and a second layer attached to the first iayier, thesecond iayisr comprising intermetallic titanium gUuminide; and 

(c) a pair of electrodes connected to the second layer to allow ah electrical current to be passed through the 
second layer to thereby cause the temperature of the second layer to rise, the cantilevered elemient deflecting 
to a second position as a result of the temperature rise of the second layer and returning to the first position 
when the electrical current through the second layer Is ceased and the temperature thereof decreases, 

40 

2. A themnal actuator Inkjet device comprising: 

(a) an Ink chamber formed In a substrate; ' 

(b) a cantilevered element extending from a wall of the Ink chamber: and nomnally residing In a first position, 
the cantilevered elenrient including a first layer constructed of a dielectric material having a low thermal coef- 
ficient of expansion and a second layer attached to the first layer, the second layer comprising intermetallic 
titanium aluminide, the cantilevered element having a free end residing proximate to an ink ejection port inthe 
ink chamber; and 

(c) a pair of electrodes connected to the second layer to allow an electrical current to be passed through the 
so second layerto thereby cause the temperature of the second layerto rtee. the cantilevered elennient deflecting 

to a second position as # result of the temperature rise of the second layer and returning to the first position 
when the electrical cument through the second layer is ceased and the temperature thereof decreases, the 
movementof the cantilevered element causing Ink in the inkchamberto be ejected through the ink ejection port. 

ss 3. A themial actuator Inkjet device as recited in claim 2 wherein: 

the Ink chamber Includes a pumping section, the free end of the cantilevered element residing in the pumping 

sect-k)n-. - 
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4. A thermal actuator Inkjet device as recited in claim 3 further comprising: 

(a) at least one open region adjacent the canti levered element; and 

(b) an Ink delivery channel in the substrate allowing ink to be delivered through the at least one open region 
and into the ink chamber. 

5. A thermal actuator as recited in claim 1 wherein: 

the second layer can be characterized by the relationship 

Where 0.6^x^1.4. 

6. A themnal actuator Inkjet device as recited in claim 2 wherein: 

the second layer can be characterized by the rielationship 

^'4-x''^x' 



where 0.6 sxs 1.4. 
25 7. Athemrial actuator as recited In claim 1 whbrein: 

the second layer has an effbiency (c) greater tfian t. the effidency (e) being defined by the equation 

■ £ = Ya/c . 

30 

where Y is Young's modulus, p is density, a Is the thennal coefficient of expansion, and Cp is the specific heat, 

8. A thermal actuator Inkjet device as recited In claim 2 wherein: 
the second layer has an effteiency (c) greater than 1 . the efficiency (e) being: defined by the equation 

e = Yoc/Cpp 

where Y is Young's modulus, p is density, a Is the thermal coefficient of expansion; and Cp is the specific heat. 

9. A thennal actuator as recited in claim 7 wherein: 

45 the second layer has an efficiency (e) grieater than 1 . 

10. A thermal actuator as recited in claim 7 wherein: 

the second layer has an efficiency (e) greater than 1 ."^ • . . 

50 
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